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Problem area 
The number of applications of 
newly developed composite 
materials in aircraft primary 
structures is showing a significant 
increase. Also for combat aircraft, 
investigations regarding the 
replacement of metal primary 
structural parts by composites are 
more frequently undertaken. 
Examples of realized applications 
of composite materials in primary 
structural parts of combat aircraft 
are the Lockheed Martin F-22 
Raptor, the KAI T-50 and the 
Mitsubishi F-2. 
In contrast to the enormous 
experience with metal combat 
aircraft, the application of 
composite primary structures of 
aircraft requires the elaboration of a 
completely new spectrum of 
experience in terms of operational 
availability, aircraft performance, 
structural and aeroelastic 
implications, and life-cycle 
management.  
In this report, results obtained 
within the National Technology 
Project “Wing Composites” are 
described dealing with the 
theoretical examination of the 
implications of composite material 
applications in combat aircraft 
wings. Existing finite element 
models are adapted to describe the 
behaviour of the composite 
materials in the wing structure. The 
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acquired knowledge and experience 
is of importance for the assessment 
of new aircraft in terms of their 
operational capabilities, 
performance, and fatigue life. 
Description of work 
On the basis of specifications for 
the metal wing of the F-16, the 
aluminum skin of the torsion box 
has been virtually replaced with a 
composite fiber-reinforced plastic 
skin while the underlying metal 
spars and ribs are retained. The 
hybrid wings have been designed to 
approximate the original metal wing 
as much as possible. The resulting 
hybrid wing design has been 
analyzed with respect to different 
aspects, such as the design of the 
skin thickness and the fiber 
orientations, the resulting 
geometrical shape, the derivation of 
suitable finite element models for 
the structural modelling, the 
analysis of static and dynamic 
properties, and the impact on 
operational performance. 
The current report specifically 
describes the static aeroelastic 
verification of the configurations 
with hybrid wings. In this 
verification, static aeroelastic 
simulations have been performed at 
conditions that have not been used 
in the design of the hybrid wings. 
The behaviour of the hybrid wings 
at these additional conditions serves 
as additional verification of the 
properties of the wing design. In 
this verification, the baseline metal 
wing is taken as a reference. 
Additional changes encountered in 
the deformations and loads have 
been analyzed. The consequences of 
the slightly thicker wing outer mold 
shape for the hybrid wing versions 
and their elastic properties on 
operational performance has been 
assessed.  
The aerodynamic simulations have 
been performed in an innovative 
way, by applying direct coupling of 
high-fidelity finite element models 
for the aircraft structure and 
computational fluid dynamics 
models for the flow. To maintain 
efficiency in this coupling 
procedure, the neutral interface 
concept has been used.  
Results and conclusions 
The slightly thicker wing shape of 
the hybrid wings appears of little 
influence on the development of the 
wing flow. Despite differences in 
aeroelastic properties, a highly 
similar pattern of wing loads is 
found for all wing versions, having 
variations in wing root loads in the 
order of ten percent. This shows 
that the hybrid wing design 
conforms to the objective to 
resemble as much as possible the 
baseline metal wing. All versions of 
the hybrid wings are found to be 
somewhat stiffer than the baseline 
metal wing, although it does not 
lead to large changes in 
deformations and loads. Regarding 
operational performance, the hybrid 
wing versions are comparable or 
even better than the baseline metal 
wing.  
Applicability 
Current methodologies and models 
are readily applicable for further 
research and development as well as 
operational investigations. 
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Abstract. An exploratory theoretical investigation on the impact of a hybrid metal-composite 
wing retrofit on static loads and performance of an F-16 combat aircraft is presented. The 
wing retrofit consists of replacing the original aluminum wing skin with a skin of composite 
fiber-reinforced plastics (CFRP), while the underlying wing spars and ribs are retained in 
metal. Strength and deformation characteristics of the hybrid wing are designed with the focus 
to approximate the original metal wing design as good as possible, thus resulting in a thicker 
skin relative to the original metal skin. The impact of the thicker hybrid wing on aerodynamic 
performance has been assessed. Finite element models have been developed for the hybrid 
wing structure. Direct coupling of the finite element models with CFD-models for the flow 
has been performed using the neutral interface concept. Coupled static aeroelastic simulations 
for the three different versions of the hybrid wing as well as for the original metal wing have 
been performed. Differences in spanwise loads and deformations are presented, and the 
impact on fighter performance is shown by derived turn performance diagrams (doghouse 
plots). It is found that, despite the changes in material properties, at least one version of the 
hybrid wings fulfills the design requirements while static aeroelastic behaviour and 
operational performance are similar or slightly better than that of the original metal wing. 
 
1  INTRODUCTION 
 
Studies on aircraft loads are an integral part of optimizing the operational usage of an aircraft. 
This is mostly true for a multi-role fighter aircraft which endures significant changes of its 
mission profile during its life and undergoes airframe updates to keep up with its operational 
mission objectives. Examples of airframe updates for the F-16 are the “Mid Life Update” and 
the “Pacer Amstel Update”. Loads studies are also carried out to investigate the feasibility of 
possible future modifications to address the ever changing requirements to the fleet. 
 
Over the last two years, exploratory theoretical research has been conducted at the National 
Aerospace Laboratory NLR to investigate the feasibility of replacing the current metallic 
wing of fighter aircraft with a hybrid metal-composite structure. In such a hybrid concept, the 
wing skin of the torsion box is replaced with a composite skin while the underlying wing 
spars and ribs are retained in metal. Various aspects, ranging from material issues (e.g. stress 
and strain) up to aeroelastic consequences, are explored in the aforementioned research 
program and presented in a series of papers [1][2][3][4][5]. The present paper focuses on 
aspects related to the analysis of static loads and deformations and their impact on aircraft 
performance. Changes in the aircraft loads distribution due to the modification of the wing 
structure, i.e. from metallic to a hybrid metal-composite structure, can be expected due to 
various causes: 
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1. Changes in the thickness distribution of the wing due to the need to implement a 
somewhat thicker wing skin to satisfy the design requirements. The skin thickening could 
directly impact the aerodynamic performance of the wing. 
2. Changes in the deformation properties of the wing due to the alteration of flexibility 
properties (material properties and distribution) from a fully metallic to a hybrid wing 
structure. This effect has to be assessed in a mutual interaction with the aerodynamic 
properties. The combination of effects might weaken or amplify the isolated effects. 
3. Changes in mass distribution as a result of changes between metallic and the hybrid wing 
structure. This leads to differences in inertia loads. This effect is expected to be of minor 
importance, although some total weight reduction benefits on performance can be 
anticipated. 
 
In the following, the impact of the application of a hybrid wing structure on loads and 
performance is assessed using Computational Fluid Dynamics (CFD) and finite-element 
modelling (FEM). Static aeroelastic analyses are presented involving strong coupling between 
CFD and FEM-models for the original metallic wing and for three different hybrid wing 
structure candidates. The study on the impact of the structural modifications necessitates the 
use of a comparatively detailed finite-element model, having about one million degrees-of-
freedom for the present static aeroelastic analyses. This approach differs from previous 
studies using a finite element model dedicated to aeroelastic analyses, with relatively few 
details. Therefore, prior to presenting the computational results, the approach chosen to 
couple the CFD and the FEM models is presented. Computational results are depicted 
focussing on transonic as well as supersonic conditions, as the impact on the subsonic data is 
found to be small. Furthermore, the impact of the structural modifications on the operational 
performance of the aircraft is demonstrated by means of showing the calculated changes in 
the turn performance diagrams (also known as doghouse plots). 
 
2  DESCRIPTION OF MODELS AND COUPLING METHOD 
 
2.1 Wing versions 
 
In the current investigation, three different versions of the hybrid wing are investigated while 
the baseline metal wing is used as reference. Using loads, stress and strain criteria for the 
baseline metal wing, the composite skin has been designed in such a way as to resemble the 
deformation and stiffness properties of the baseline metal wing. This approach has resulted in 
a baseline composite skin layer which is designated as hybrid 100-100, the numbers 100-100 
referring to the percentages of skin thickness applied on outer and inner wing, respectively. 
Two other versions have been derived, designated as hybrid 100-80 (having 100 percent 
composite skin thickness on the outer wing and 80 percent on the inner wing, relative to the 
baseline) and hybrid 75-75 (having 75 percent of the baseline skin thickness design overall), 
showing that the skin thickness has been reduced relative to the baseline design to save weight 
and to further optimize the stiffness properties of the composite wing. The weight savings 
achieved in these hybrid wing versions, relative to the metal skin of the wing box, is about 9 
percent for the hybrid 100-100 wing, about 25 percent for the hybrid 100-80 wing, and about 
30 percent for the hybrid 75-75 wing. 
 
To analyze the static aeroelastic behaviour of these wings, three types of models will be 
discussed briefly in the following, related to: 
1. the changed outer mould shape of the aircraft with the hybrid wings; 
2. the adapted finite element models including the hybrid wings; 
3. the coupling of the CFD and FEM-models for static aeroelastic simulations. 
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2.2 Outer mould shape definition 
 
The geometrical model of the outer mould shape of the aircraft has to be modified following 
the thicker shape of the torsion box of the hybrid wings. Currently, only an adjusted outer 
mould shape for the 100-100 wing has been used. The shape of the hybrid 100-100 wing 
differs only slightly from the baseline metal wing and further refinements for the other hybrid 
wing versions seem to be overdone. The thickness-to-chord ratio of the defining airfoil of the 
wing has been increased with 0.5 percent, which is shown to approximate the shape required 
to enclose the thickened structural elements quite well, see Figure 1 for an example. Figure 1 
also shows that the initial position of flaps in the cgFEM-model does not correspond to 
neutral flap deflections, which has been corrected. This particular outer mould shape is used 
also for the hybrid 100-80 and 75-75 wings. The adoption of a slightly thicker wing profile to 
define the outer contours of the torsion box also ensures a smooth connection with leading 
and trailing edges. In the actual designed shape, the connection is obtained through a number 
of small steps in the thickness distribution, see the thickness distribution details in [2]. 
Following the definition of the metal and hybrid wing shapes, two highly similar multi-block 
structured aerodynamic volume meshes have been created, one containing the baseline metal 
wing shape, and one containing the outer mould shape of the hybrid 100-100 wing which is 
also applied for the hybrid 100-80 and 75-75 wings. In the current study, medium mesh levels 
containing 2.34 million grid cells for a full configuration are used. 
 
 
Figure 1: Definition of the outer mould shape enclosing the thickened skin of the hybrid wings 
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2.3 Structural models 
 
Existing structural models of the baseline metal wing consist of a rather simple flutter-tailored 
dynamic finite element model (flutFEM, with flexibility and mass distributions, see Figure 
2a), and a more detailed coarse grid finite element model (cgFEM, see Figure 2b) for the 
analysis of critical (global) stresses in relation to aircraft loading conditions. 
The flutFEM dynamical structural finite element model of the F-16 consists of three main 
components: the wing, the fuselage, and the tail. The wing box structure is represented by 
shell and beam elements. The flaps are modelled in the same manner and are attached to the 
wing using scalar springs to represent actuator stiffness. The fuselage is mainly represented 
by beam elements augmented with some shell elements at the aft part to model the shear 
bearing properties. Different from the other parts, the properties of the vertical tail are given 
directly by a stiffness matrix. 
The finite element representation in the cgFEM-model adheres more to a first principles 
concept than the flutFEM-model. The wing box is represented by a combination of shell and 
solid elements. The fuselage structure, including the bulkheads, the engine mounts, wing 
mounts, etcetera, is also modelled using a combination of shell and solid elements. Most 
importantly, the connection between the components, e.g. bolts and hinges, are also modelled 
to a high degree of realism through complex combination of elements representing contact 
conditions. Specific for the wing-fuselage connection, two sets of models are available: one 
for upward loads and one for downward loads 
The cgFEM-model has a significantly more detailed representation of all aircraft components, 
but lacks a well-defined mass distribution. Also, the cgFEM-model covers the entire airframe 
with the exception of a detailed horizontal tail, and of secondary structures such as fairings, 
hatches, the canopy, the undercarriage, stores, and pylons. During the development of the 
hybrid wing versions, the cgFEM-model of the baseline metal wing has been updated in 
accordance with the thicknesses of the composite skin layers that are applied on the torsion 
box. In this way, cgFEM-models became available for the hybrid wings to identify locations 
of critical stress and strain under different loading conditions. In the current study, static 
aeroelastic computations are directly based on the coupling of these available cgFEM-models 
with CFD in order to avoid any modelling effort of specifically tuned dynamic models. For 
this purpose, the mass distribution from the dynamic model has been redistributed over the 
structural nodes of the cgFEM-model using a specific splining procedure, see [4].  
 
Figure 2a: Impression of structural model specifically validated for dynamic studies (flutFEM) 
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Figure 2b: Impression of structural model specifically validated for critical global stresses (cgFEM). This model 
is directly used in aeroelastic simulations in the current study 
 
2.4 Coupling of CFD and FEM 
 
For the coupling of the CFD flow solver with a finite element model, a flexibility matrix and a 
spline matrix are derived from the finite element model using NASTRAN. The flexibility 
matrix represents the deformations, in three directions, of the force nodes of the finite element 
model under unit loads on all force nodes. A spline matrix is needed to map aerodynamic 
loads obtained on the aerodynamic surface mesh onto the force nodes of the finite element 
model, and also to redistribute the deformations of the finite element model to the 
aerodynamic surface mesh. These matrices are directly read into the flow solver in order to 
simultaneously solve for the deformations and the aerodynamic loads [6][7]. The derivation of 
the matrices is straightforward in case the finite element model has a limited number of nodes 
and associated degrees of freedom, such as for example the model as depicted in Figure 2a. 
 
For finite element models with many nodes and degrees of freedom, the derivation of the 
flexibility matrix takes quite a long time and the resulting data file is becoming too large for 
efficient applications. In such cases, the use of the neutral interface concept is advocated [6] 
[7]. The neutral interface is a fluid-structure interface with a limited number of interface 
points. The neutral interface is meant to transfer loads from the aerodynamic mesh to the 
structural model in conservative form, i.e. the total loads on the aerodynamic mesh have to 
equal the total loads on the structural mesh. The number of interface points is however 
significantly reduced with respect to the original number of structural nodes, see Figure 3. 
The loads on the aerodynamic surface are lumped into predetermined neutral interface points. 
Subsequently, the aerodynamic loads have to be redistributed from the neutral interface points 
to the force nodes of the finite element model. For this purpose, connections have been 
defined that link the neutral interface points to the structural nodes within a selected region, 
see Figure 4. The use of a neutral interface with a limited number of interface points is highly 
effective. However, the development of an effective neutral interface involves optimization 
and iteration to verify the correct transfer of loads for a sufficient number of load cases. 
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Figure 3: Definition of neutral interface for air-to-air configuration, intended for aerodynamic loads transfer 
using limited interface points. Each black box identifies a loads transfer point in the interface. 
 
Figure 4: Definition of the connections between structural nodes and the neutral interface points (wing box only 
shown) for loads redistributions. The green mesh represents the wing box structure, while the purple lines 
indicate the connections between neutral interface points and structural elements. The inset shows more details 
of local connections 
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3  RESULTS OF STATIC AEROELASTIC SIMULATIONS 
 
A series of conditions has been calculated for mutual comparisons of rigid as well as flexible 
configurations. The test matrix as applied here consists of four Mach numbers (0.6, 0.9, 1.05, 
and 1.4) and six angles-of-attack (0, 2, 4, 6, 8, and 10) at 10,000 ft altitude, spanning a 
significant portion of the flight envelope at high dynamic pressure. The rigid configurations 
were added to study the purely aerodynamic impact of the thicker hybrid 100-100 wing shape 
on the aerodynamic coefficients. Calculations have been performed for the rigid metal wing, 
the rigid hybrid wing, the flexible metal wing, and for the three flexible hybrid wing versions. 
The calculations have been performed at a Reynolds number of 40 million on a grid from 
which results have been obtained in previous studies that match fairly good with experimental 
data. Not all results in the test matrix will be presented here. Instead, a selection has been 
made focusing on the transonic and supersonic cases (Mach numbers 0.9 and 1.4).  
 
Starting with the rigid configurations, see the green and black lines in Figure 5 through Figure 
8, it is found that the slightly thicker hybrid 100-100 wing does not have a large impact on 
aerodynamic coefficients. Thus, the impact of geometrical thickening of the wing due to the 
application of a composite skin can be concluded to be negligible on aerodynamic properties. 
However, for the flexible configurations, i.e. the other lines in Figure 5 through Figure 8, 
there is a noticeable deviation from the rigid results due to bending and torsion of the wing. 
This is mostly evident in the lift curves. It is observed that the flexible metal wing has the 
highest flexibility in comparison to all versions of the hybrid wings. Although the 
deformations of the wing reduce the lift and drag for the flexible configurations, the resulting 
polars are still close to those of the rigid configurations. The consequences of this finding on 
performance are discussed in the next section. 
 
 
Figure 5: Comparison of lift curves at a Mach number of 0.9 for rigid and flexible configurations 
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Figure 6: Comparison of drag polars at a Mach number of 0.9 for rigid and flexible configurations 
 
 
Figure 7: Comparison of lift curves at a Mach number of 1.4 for rigid and flexible configurations 
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Figure 8: Comparison of drag polars at a Mach number of 1.4 for rigid and flexible configurations 
 
Two remarks have to be made in the interpretation of the results to this point. The first remark 
is that calculations for angles-of-attack higher than six degrees at a Mach number of 1.4 
proved to be quite difficult due to the inherently large deformations at the high dynamic 
pressure involved, and were partially successful only for the flexible metal wing. For the 
static aeroelastic simulations, calculations beyond this condition pose only a mathematical 
difficulty in the deformation of the multi-block structured computational meshes without 
running into grid folding at some point, although there are indications that these conditions lie 
beyond the normal operational envelope. Another remark concerns the flexibility of the finite 
element models. Although the metal wing proves to be the most flexible wing, the cgFEM-
model which is used for the current flexible metal wing simulations is already slightly stiffer 
than the simpler structural model as depicted in Figure 2a.  
 
Now, the resulting spanwise loads on the different flexible configurations are compared for an 
angle-of-attack of six degrees at both Mach numbers. Spanwise load plots are not only of 
importance for structural considerations, but also for the aerodynamic status of wing flow. 
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Figure 9: Comparison of integrated shear force versus span coordinate at a Mach number of 0.9, angle-of-attack 
of 6 degrees and an altitude of 10,000 ft 
 
Figure 10: Comparison of integrated bending moment versus span coordinate at a Mach number of 0.9, angle-of-
attack of 6 degrees and an altitude of 10,000 ft 
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Figure 11: Comparison of integrated torsion moment versus span coordinate at a Mach number of 0.9, angle-of-
attack of 6 degrees and an altitude of 10,000 ft 
 
In this respect, the wing root bending is sometimes recognized as a figure of merit for abrupt 
flow problems, see [8]. At a Mach number of 0.9, the spanwise distribution of integrated 
shear and integrated bending moment of the hybrid wings are very close together while the 
metal wing undergoes the largest wash-out, see Figure 9 and Figure 10. For the integrated 
torsion moment, the situation is slightly different, see Figure 11. It is found that the hybrid 75-
75 wing is closest to the metal wing, and does not differ very much from the hybrid 100-80 
wing. The least flexible hybrid 100-100 wing exhibits the largest integrated torsion moment. 
 
Similar figures at the highest dynamic pressure, i.e. at a Mach number of 1.4, are shown in 
Figure 12 through Figure 14. At this extreme loading condition, the differences in the three 
hybrid wings show up more clearly. The metal wing still is the most flexible wing, thereby 
alleviating the integrated loads encountered. The hybrid 100-100 wing has the stiffest torsion 
box structure and encounters the highest integrated loads. The hybrid wing versions 100-80 
and 75-75 are lying pretty close together between the hybrid 100-100 and the metal wing. 
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Figure 12: Comparison of integrated shear force versus span coordinate at a Mach number of 1.4, angle-of-attack 
of 6 degrees and an altitude of 10,000 ft 
 
Figure 13: Comparison of integrated bending moment versus span coordinate at a Mach number of 1.4, angle-of-
attack of 6 degrees and an altitude of 10,000 ft 
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Figure 14: Comparison of integrated pitching moment versus span coordinate at a Mach number of 1.4, angle-of-
attack of 6 degrees and an altitude of 10,000 ft 
From all simulated results up to ten degrees of incidence, no indications have been found for 
wing root bending moment deviations that might be indicative for sudden changes in 
aerodynamic characteristics of the wing flow. This observation is supported by the flow 
solutions themselves, which show only minor variations in pressure distributions amongst the 
wings at all flow conditions examined. Instead, the wing loads and deformations vary in an 
ordered manner relative to each other and remain in line with expectations, while differences 
with the baseline metal wing are limited. It is therefore expected that, despite the stiffer 
bending and torsion characteristics of the hybrid wings, the replacement of the metal wing 
with one of the versions of the hybrid wing poses no obvious risk factor in terms of 
introducing uncommanded transonic lateral motions. 
 
4  AIRCRAFT PERFORMANCE ISSUES 
 
In this section, the discussion on performance issues is limited to F-16 combat requirements, 
and the approach to compare the combat performance for an air-to-air configuration having 
either a baseline metal wing or several versions of a hybrid wing is outlined on the basis of 
the turn performance diagram [9]. A step-by-step explanation of the main characteristics of 
the turn performance diagram or doghouse plot is given in [10]. This explanation is 
summarized below, prior to the discussion of current results for the F-16 employing different 
wings. 
 
An F-16 aircraft sometimes needs to maneuver in flight in order to put itself in an 
advantageous combat position relative to an enemy. This is often called “dog fighting”. One 
of the most crucial performance aspects in such a situation is its turn rate. This indicates the 
ability of the aircraft to alter its heading as fast as possible. An aircraft with a higher turn rate 
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is more effective in dog fighting. Engagements like this are characterized by sustained 
maneuvering. This type of combat made the turn rate versus Mach number diagram useful for 
determining one fighter's advantage over another [9][11][12].  
 
The ability to turn, using a banked aircraft position, is based on achieving a horizontal 
(centripetal) acceleration for which the generation of lift is of primary concern. The lift is 
proportional to the square of the forward velocity and is usually expressed as a load factor 
with respect to the weight of the aircraft. In generating the required amount of lift in the turn, 
an associated drag occurs which needs to be counterbalanced by the powerplant. The wing 
will stall (aerodynamic failure) and/or the wing will break (structural failure) if the loading is 
too high, which places limitations on the turn rates achievable. 
 
One important way of comparing dog fighting qualities of fighters is through the doghouse 
plot that represents the turn rate of an aircraft at a certain Mach number, altitude and thrust 
setting (also known as turn performance diagram). The starting point for the comparison of 
fighter performance in a doghouse plot is a fighter that is performing a non-side slipping 
steady level turn. 
 
In a doghouse plot the point performance of a fighter is shown through the turn rate as a 
function of the Mach number at a constant altitude and a fixed thrust setting.  Figure 15 shows 
an example of a doghouse plot for a clean F-16 at 10,000 ft with maximum afterburner. The 
doghouse plot consist of several lines, the maximum lift line, the maximum attainable load 
factor line (structural limit or an external stores limit), the maximum operational Mach line 
(engine limit, design speed limit) and the specific excess power contour lines. The above 
mentioned lines are aircraft-specific lines but also non-aircraft-specific lines are often shown 
in the doghouse plot. These non-aircraft-specific lines are the lines of constant load factor and 
the lines of constant turn radius. 
 
The energy state is an important measure for the analysis of fighter performance. The fighter’s 
energy state determines its momentary maneuver potential. The specific excess power is a 
measure for the ability of the aircraft to gain or lose energy and depends on the acceleration/ 
deceleration and climb/descent of the fighter. When the specific excess power is positive, the 
fighter can use this power to increase its velocity and/or its altitude. In case the specific excess 
power equals zero, the fighter can sustain its current flight situation. To increase its speed the 
fighter can decrease its altitude or vice versa. A negative specific excess power indicates that 
speed and/or altitude is lost. Maintaining speed or altitude will result in a loss of altitude or 
speed, respectively. 
 
A typical doghouse plot for the clean metal F-16 is shown in Figure 15. It depicts an interior 
region – formed by the solid lines in the diagram – enclosed by the sustained turn rate line and 
is typically dictated by available thrust and the lift to drag ratio of the aircraft. There is an 
optimum speed (known as the corner speed) at which the turn rate is maximized. 
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Figure 15: Doghouse plot of F-16 baseline 
The aircraft turn performance varies considerably over the entire flight speed range. In order 
to execute the most effective turn the pilot will bank the aircraft up to the structural limit and 
then bleed off speed until the sustained turn rate point is achieved. If the speed is bled off 
even further, then the instantaneous turn rate can be invoked.  Modern aircraft engagements is 
shifting toward more dynamic maneuvering or the exterior of the doghouse plot. The F-16A 
plot of turn rate versus Mach number does not have the typical doghouse shape due to its 
flight control system limiters [12]. The limiters protect against high angle-of-attack effects: 
loss of lateral and longitudinal directional stability induced by vortex interactions at high 
angle-of-attack due to the fore-body/strake combination. As a result, the F-16A does not 
operate at its angle-of-attack for maximum lift, the bleed rate is minimized avoiding large 
energy losses and the corner speed is not at a single velocity but is constant over 100 knots. 
The limiting reduces the achievable load factor thereby preventing the aircraft from reaching 
maximum turn rate at corner speed. 
 
Figure 16 shows the calculated doghouse plot results for rigid and flexible, metal and hybrid 
wings and depicts a reference (baseline) for the clean F-16. From the figures the following 
conclusions can be drawn: 
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¾ In the low Mach number region the calculated results do not match with the baseline 
data. This is not surprising given the fact that for the calculation the ENFLOW method 
is applied in a restricted Mach and alpha range (Mach=0.6, 0.9, 1.05 & 1.4, α =0, 2, 4, 
6, 8 & 10 degrees). 
¾ The maximum specific excess power is calculated quite well with all variants. The 
hybrid flexible wing has the highest value. 
¾ Flexibility reduces the sustained zone and forms a better match with the baseline.  
 
In conclusion, the overall vehicle performance of the hybrid wing matches, or exceeds, the 
baseline one. 
 
 
 
Rigid Metal, 
 ΔPS=-3 
 
Baseline, 
 ΔPS=0 
 
Flexible Metal, 
 ΔPS=+3 
 
Rigid Hybrid 100-100, 
 ΔPS=-3 
 
Rigid Hybrid 100-80, 
 ΔPS=+1 
 
Rigid Hybrid 75-75, 
 ΔPS=+5 
 
Flexible  Hybrid 100-100 
ΔPS=+5 
 
Flexible  Hybrid 100-80, 
ΔPS=+9 
 
Flexible  Hybrid 75-75, 
ΔPS=+11 
Figure 16: Doghouse plots of various wing versions, showing changes in maximum specific excess power ΔPS 
relative to the baseline 
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5  CONCLUSIONS 
 
Three versions of a hybrid wing design of an F-16 aircraft, in which the metal skin of the 
torsion box has been replaced - in an exploratory theoretical investigation - with a composite 
skin consisting of fiber-reinforced plastics, have been examined on their static aeroelastic 
properties by means of high-fidelity FEM and CFD models. Aerodynamic coefficients, 
spanwise loads and operational performance consequences have been compared with those of 
the baseline metal wing. Operational performance has been assessed on the basis of turn 
performance diagrams (dog house plots), derived from calculated aerodynamic coefficients 
from static aeroelastic simulations. It is found that, despite the changes in material properties, 
the performance of the aircraft within the investigated envelope remains almost identical to 
the baseline. Some minor operational performance benefits are achieved due to weight 
savings in the hybrid wing versions. All hybrid wing versions under consideration are found 
to be less flexible than the baseline wing. Therefore, control surface reversal is not deemed to 
be an issue for the current hybrid wing designs.  
 
The static aeroelastic simulations in this study have been performed in an innovative way by 
coupling the aerodynamic flow solver directly with rather detailed finite element models that 
are specifically designed for loads and stress investigations. For this purpose, a mass 
distribution has been added to the finite element models. In order to reduce the effort required 
for coupling, the neutral interface concept has been used. The neutral interface allows for 
lumping the aerodynamic loads to a limited set of well-defined interface points and for the 
redistribution of loads from the interface points onto the force nodes of the finite element 
models. Similarly, the deformations are transferred from the finite element model to the 
aerodynamic surface mesh using the neutral interface. 
 
Based on the static aeroelastic results, it can be concluded that the three hybrid wing designs 
fulfill the strength and deformation requirements that apply in static conditions. In view of 
stress and strain analysis, the hybrid 100-80 wing seems most appropriate for further 
investigations, comprising local structural optimization at critical locations and investigating 
its dynamic aeroelastic behaviour. 
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